A reliability-based method for identifying appropriate safety factors for use in predicting the service life (i.e., corrosion-free life) of concrete structures subject to carbonation is described in this paper. Reinforced concrete (RC) columns located in CO 2 -rich urban environments were investigated to estimate their service life. Carbonation depths and cover depths were measured for sound, cracked, and jointed concrete cover conditions. e measurements were used to calculate safety factors for columns subject to carbonation. Goodness-of-fit tests were used to obtain optimal probability distributions for carbonation depths and cover depths. A reliability index of 1.28, corresponding to a 10% probability of corrosion initiation, was taken as a threshold for determining the safety factor. e safety factor proposed in this paper can be used to estimate the service life of RC structures subject to carbonation. e sensitivity of the safety factor to the casting method and coefficient of variation of the cover depth were also evaluated.
Introduction
e corrosion of rebar in concrete is an electrochemical process. Carbon dioxide (CO 2 ) from the atmosphere diffuses through the pores in concrete and reacts with the pore solution to form carbonic acid. is neutralizes the alkalinity of the concrete and the reaction with calcium hydroxide results in the formation of calcium carbonate, leading to a reduction in the pH of the pore solution. Normally, the high alkalinity of the concrete pore solution protects the rebar against corrosion by forming a thin oxide layer called a "passivation film" [1] . However, when the effects of carbonation reach through the concrete to the surface of the rebar, the passive film on the steel surface becomes unstable, such that corrosion can be initiated.
e extent of carbonation in concrete depends considerably on a number of factors related to the composition and microstructure of concrete. Internal factors that determine carbonation are properties in concrete as well as hardened concrete properties, such as the type of cement, admixtures, water to binder ratio, and so on. [2] . External factors affecting carbonation include the concentration of CO 2 , temperature, and relative humidity [3] . e most dangerous range of relative humidity for carbonation is 50% to 70% since the carbonation reaction calls for the presence of water, and under higher atmospheric humidity, the diffusion of CO 2 is inhibited by water that has filled the pores [4] .
It is important to be able to predict the corrosion-free service life of reinforced concrete (RC) structures subject to carbonation [5] , given the rebar corrosion mechanism described above. e rate of carbonation is derived from the slope of carbonation depth against the square root of the exposure duration [4] . Several studies have proposed carbonation models, such as a mathematical model based on Fick's law [6] , the physicochemical model [3] , a twodimensional finite element model [7] , and statistical models [8, 9] . Guidelines and standards issued to date have specified two types of analysis procedures for the prediction of RC service life: a full probabilistic method [10, 11] and a partial safety factor method [12, 13] . e full probabilistic method utilizes Monte Carlo simulation approaches [10, 14] to consider the uncertainty of design variables while compensating for variations in both the durability resistance to carbonation and the environmental load of carbonation. However, because of the shortage of relevant statistical data and the complexity of the formulae for load and resistance, the full probabilistic method is limited when determining the service life of RC structures subject to carbonation.
e safety factor method seeks to ensure a prescribed level of reliability for a concrete structure in an urban area over its lifetime using an appropriate design safety factor. is method is simpler than the full probabilistic method, although the latter yields more precise results [15] . e safety factor method for service life prediction is based on reliability theory for structural design. Compared to a structural design approach that specifies safety factors for different load and resistance cases based on reliability theory [16, 17] , the safety factor method uses an empirical approach with no reliability framework to determine safety factors for the service life analysis of concrete structures subject to carbonation [12, 13] . As an alternative to the safety factor method, a partial safety factor method based on reliability theory can be used, but the formulation of the analysis procedure is deterministic. e formulation of the partial safety factor method is, in general, simpler than that of the full probabilistic method. erefore, the partial safety factor method can be used practically and efficiently for the design and analysis of an RC structure to ensure sufficient reliability in terms of structural resistance to carbonation over its service life.
In the present study, RC columns subject to carbonation were examined to identify appropriate safety factors for the rational prediction of service life. Data on cover depths and carbonation depths were obtained from the RC columns of test bridges in service, with the different concrete cover conditions (such as sound, cracked, and jointed) taken into consideration. Based on reliability theory, safety factors for use in the service life analysis of RC columns subject to carbonation were derived rationally based on the concrete cover conditions, and the service life of the RC columns was estimated using the derived safety factors. In addition, a parametric study was conducted to assess the sensitivity of the safety factors to the concrete casting method and variations in the cover depth due to construction errors.
Field Investigation of Carbonation of RC Columns

Environmental Conditions.
e reinforced concrete columns of a bridge for a commuter train were examined in terms of carbonation after 18 years of exposure to urban atmospheric conditions in a metropolitan city. Figure 1 shows the railway bridge columns vulnerable to carbonation. e examination was performed in three parts depending on the quality of the hardened concrete.
e annual atmospheric condition is characterized by an average carbon dioxide (CO 2 ) concentration of 353 ppm, an average relative humidity of 69%, and an average temperature of 12.2°C. e RC columns of the bridge were somewhat sheltered from the rain by a bridge deck. e concrete mix proportion for the bridge comprised 320 kg/m 3 of ordinary Portland cement, 144 kg/m 3 of water, 813 kg/m 3 of fine aggregate (specific gravity: 2.60), and 1062 kg/m 3 of coarse aggregate (specific gravity: 2.65, maximum size: 20 mm), and the cover concrete depth to the steel was designed for 50.0 mm. e structure was constructed in 1999, and design compressive strength of concrete used was determined by 30 MPa.
Field Investigation.
e carbonation depth, X CO 2 , and concrete cover depth, X C , were investigated to evaluate the effect of carbonation on the RC columns shown in Figure 1. 2.2.1. Carbonation Depth. X CO 2 is defined as the penetration depth of CO 2 gas, relative to the concrete surface. e carbonation depth, X CO 2 , was measured using a phenolphthalein indicator and digital calipers after chipping the surface with a chisel. In the present study, 17 RC railway bridge columns were examined to determine the carbonation depth. A total of 113 samples were collected from these columns. Because of the differences in the quality of the concrete cover at the different sampling locations, the concrete cover conditions were classified as "sound," 
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Cover. e depth of the concrete cover, X C , of the RC columns was estimated using an ultrasonic radar that measures the size and location of the rebar in the concrete using magnetic induction. Using this device, the cover depths of the 17 RC columns were measured at 47 points on each column.
Reliability Analysis
Limit State for Carbonation.
e durability performance function of a structure can be divided into two parts, the factored resistance ϕR and the factored load cS, as shown in the following equation:
is equation can be used as the limit state function for the concrete durability with respect to carbonation. In general, the carbonation limit state of an RC structure is defined as the onset of carbonation-induced corrosion of the rebar embedded in the concrete cover (i.e., X CO 2 reaching X C ). For this reason, X CO 2 and X C can be treated as the environmental load (S) and the durability resistance (R), respectively. In order to consider the uncertainty of load and resistance, environmental loads are amplified by appropriate load factors (i.e., environmental load factors), and the resistance is reduced by corresponding resistance factors (i.e., durability resistance factors). Durability is assured if the "factored" resistance is at least equal to the factored load.
us, the necessary design factors can be developed in order to obtain designs that achieve a prescribed level of reliability. e design factors are of course intended to cover uncertainties and compensate for a lack of complete information. e limit state function of an RC structure subject to carbonation can be defined as follows:
where ϕ c and c c are the durability resistance factor and environmental load factor for carbonation, respectively. e safety factor, SF CO 2 , for use in the service life estimation of concrete structures subjected to carbonation can be determined as follows:
e carbonation depth of concrete structures has been reported to be proportional to the square root of the exposure time, as expressed in the following equation [19] :
where t is the time in years, X CO 2 (t) is the carbonation depth in mm, and α c is the carbonation rate coefficient.
Probability Density Function.
In the partial safety factor method for durability assessment, a safety factor can be determined based on reliability theory. To compute a reliable safety factor, it is necessary to determine optimized probability distributions for X CO 2 and X c . In this study, a lognormal distribution was assumed for X c and a Weibull distribution was assumed for X CO 2 , based on the results of the goodness-of-fit tests described in a later section.
Weibull Distribution.
e Weibull distribution [20] has been suggested by other researchers for use in modeling the reliability and life expectancy of construction materials such as steel and concrete [21] . e probability density function (PDF) and cumulative density function (CDF) of the Weibull distribution are respectively expressed as follows [22] :
where x sc (>0) is a scale parameter and x sh (>0) is a shape parameter. Here, x sc is directly related to the failure rate, and as such the failure rate increases with time when x sh is greater than 1.0. In this study, x sh values for sound, cracked, and jointed parts are greater than 2.0.
Log-Normal Distribution.
e PDF and CDF of the log-normal distribution are as follows:
where x is a random variable, x sc is a scale parameter, and x sh is a shape parameter. ese parameters are the mean and standard deviation of ln x, respectively.
Reliability Index.
In general, the durability of a structure is evaluated using a failure equation or a limit state function for durability failure. e failure equation is expressed in terms of the environmental load and durability resistance, with input variables grouped together appropriately. From the failure equation, the failure surface can be depicted as shown in Figure 2 . For normally distributed load and resistance variables, a reliability index β is determined using Advances in Materials Science and Engineeringthe means and standard deviations of the load and resistance variables, as shown in the following equation:
where μ S and μ R are the mean values and σ S and σ R are the standard deviations of load and resistance, respectively. e reliability index β is the shortest distance from the origin to the failure surface. Figure 3 illustrates the relationship between the reliability index and the probability of failure P f (e.g., the probability of corrosion initiation) [23] . If the random variables are not normally distributed, the probability of failure can be evaluated using equivalent normal distributions [24] , as shown in the following equation: Eurocode [25] established three classes of reliability-RC1, RC2, and RC3-considering the consequences of structural failures or malfunctions. Further, minimum values for a reliability index were recommended and associated with these reliability classes.
e recommended ultimate limit is 3.8, whereas the target reliability index for servicing a structure falls to 1.5. However, Eurocode 1990 does not mention the durability condition of concrete structures. CEB-FIP Model Code [11] proposed minimum values for a reliability index for durability design considering chloride-and carbonationinduced corrosion of steel embedment. is minimum value is set at 1.282, corresponding to a 10% probability of failure.
Equivalent Normal Distribution.
e random variables X c and X CO 2 , adopted for use in this study, are not normally distributed. erefore, equivalent normal distributions for the variables are required to determine the failure point coordinates δ S and δ R on the failure surface and the reliability index β in (8) .
e mean values (μ N R and μ N S ) and standard deviations (σ N R and σ N S ) can be derived from the CDF and the PDF corresponding to the equivalent normal distributions [26] .
e CDF of the equivalent normal distribution of the environmental load S and resistance R at the failure point coordinates δ S and δ R can be written as shown in (9) . By rearranging (9), the mean values μ N R and μ N S can be computed as shown in (10):
where
is the original CDF of S evaluated at δ S , and Φ(·) is the CDF of the equivalent normal distribution. e PDF of the equivalent normal distribution of the environmental load S and resistance R at the failure point coordinates δ S and δ R can be written as shown in (11) (12):
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Probability of corrosion initiation (P f ) where ϕ(·) is the PDF of the standard normal distribution, f R (δ R ) is the original PDF of R evaluated at δ R , and f S (δ S ) is the original PDF of S evaluated at δ S .
Safety Factor.
To determine an appropriate safety factor for use in the durability assessment of RC structures, the most probable failure point (δ S , δ R ) corresponding to a carbonation depth S and a cover depth R is rst assumed. en, direction cosines for R and S in (13) can be evaluated using (8) , (10) , and (12) .
e failure point (δ S , δ R ) can be recalculated using the following equation [26] :
From the failure points (i.e., δ S and δ R ) recalculated using (14) , the means and standard deviations of the equivalent normal distributions can be reevaluated. When δ S and δ R converge, partial safety factors can be calculated using (3) and (15):
where ω R and ω S are the coe cients of variation (COVs) for R and S.
Calculation of Corrosion Probability.
In the present study, the Monte Carlo simulation (MCS) method was used to calculate the probability of corrosion initiation with respect to time for RC columns subject to carbonation. e means and standard deviations of X c and X CO 2 were determined from the measurements of the RC columns. en, 100,000 random samples were simulated for each parameter using the MCS method. e limit state function, g(t), represented by (16) , indicates whether an RC column structure is safe with respect to carbonation-induced corrosion:
where R(t) and S(t) are the resistance and environmental load of carbonation-induced corrosion with time, respectively. If N cycles of trials are conducted to obtain the limit state function, the corrosion probability, P t , at time t can be calculated using the following equation:
where n(g(t) X c − X CO 2 (t) < 0) is the number of occurrences of corrosion initiation in N trials. Figures 4-6 show histograms of the measured carbonation depths for the RC columns of the test bridges, as well as the relevant Weibull distributions for sound, cracked, and jointed concrete. Figure 7 shows a histogram of the measured concrete cover depths and the relevant log-normal distribution. e means 
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and standard deviations corresponding to each distribution are summarized in Table 1 . e measurements show that X CO 2 for sound concrete ranged from 6 to 18 mm, whereas X CO 2 for cracked concrete ranged from 17 to 31 mm, with most of the values being between 23 and 27 mm. e mean value of X CO 2 for cracked concrete was approximately twice as large as that for sound concrete. For the jointed concrete, X CO 2 ranged from 12 mm to 26 mm and the mean value was 17.43 mm.
e mean values of X CO 2 increased in the order of the sound, jointed, and cracked concrete. e measured values of X c for the RC columns were widely distributed from 30 mm to 86 mm, although the design cover depth of the columns was 67.5 mm.
To derive a partial safety factor for use in the service life assessment of RC structures, it is necessary to identify a probability distribution model that is suitable for the environmental load and durability resistance. A graphical method could be used to identify an optimal probability distribution model. is involves plotting the available data on probability papers prepared for specific distributions. However, the results obtained with the graphical method could be affected by subjective judgment, and thus is unlikely to yield a rational result. erefore, in this study, widely used goodness-of-fit test methods [27] , such as the Chi-square test, Cramér-von Mises test, and Kolmogorov-Smirnov test, were used to determine the optimal probability distributions for the measured values of X CO 2 and X c . Based on the goodness-of-fit test results, a Weibull distribution was found to be suitable for modeling the distribution of X CO 2 , as shown in Figures 4-6 , and a log-normal distribution was found to be suitable for modeling the distribution of X c , as shown in Figure 7 .
e parameters for the Weibull and log-normal distributions were evaluated using a probabilityweighted moment method [28] . e scale and shape parameters of X CO 2 and X c are summarized in Table 1 .
Safety Factor Evaluation.
e safety factor, SF CO 2 , for RC columns subject to carbonation can be calculated according to the procedure described in Section 3.5, using the measured values of X CO 2 and X c for sound, cracked, and jointed concrete. According to the CEB-FIP Model Code [11] , as stated above, the minimum value for the reliability index is 1.282, corresponding to a 10% probability of the carbonation depth reaching the reinforcing bar in concrete. Durability resistance factors were calculated ranging from 0.758 to 0.776, whereas the environmental load factor ranged from 1.095 to 1.157. e safety factors can be obtained by (3) from the calculated load and resistance factors. us, safety factors of 1.49, 1.44, and 1.45 were computed for sound, cracked, and jointed concrete, respectively. e COVs of X CO 2 for sound, cracked, and jointed concrete were 0.21, 0.15, and 0.17, respectively. Note that the safety factor tends to be proportional to the COV. erefore, the COVs of the load and resistance variables could be important factors in assessing the time to corrosion initiation of rebar in RC structures subject to carbonation. Figure 8 shows the carbonation depth over time, calculated using (4), for up to 200 years, in increments of five years. Carbonation rate coefficients, α c , were calculated by nonlinear regression of the experimental data for carbonation depth after 18 years of exposure, resulting in values of 2.73, 5.79, and 4.10 mm/(year) 0.5 for sound, cracked, and jointed concrete, respectively. According to Figure 8 , the predicted carbonation depths at 100 years are 27.3 mm, 57.8 mm, and 41.0 mm for sound, cracked, and jointed concrete, respectively. e X CO 2 value for the cracked concrete is approximately 30 mm greater than that for the sound concrete. 
Service Life Assessment by Safety Factor Method.
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is implies that the presence of cracks in the concrete cover could be an important factor a ecting the durability assessment of RC structures subject to carbonation. Figure 9 shows the "factored" carbonation depth for up to 200 years. e factored carbonation depth is determined by multiplying the carbonation depth calculated from (4) by the safety factor given in (3). e carbonation depths at 100 years from (4) are 27.3, 57.9, and 41.0 mm for sound, cracked, and jointed concrete, respectively. According to Figure 9 , the factored carbonation depths at 100 years account for 40.9 mm, 83.9 mm, and 59.9 mm, respectively. e X CO 2 for the cracked concrete is 1.5 and 2 times greater than those for sound and jointed concrete, respectively. From the graphs of factored carbonation depth, values of 202, 48, and 95 years to corrosion initiation of the steel reinforcement were estimated for the sound, cracked, and jointed concrete, respectively, assuming that corrosion initiates when the corrosion probability exceeds 10% (β 1.28). e "unfactored" carbonation depths at 100 years were estimated to be 448, 99, and 198 years for the sound, cracked, and jointed concrete, respectively, as shown in Figure 8 . Figure 10 shows the probability of corrosion initiation of rebar in RC columns subject to carbonation using the MCS method described in Section 3.6. e corrosion probability is evaluated separately, based on the quality of the concrete cover (sound, cracked, or jointed). A total of 100,000 simulations were performed to determine the probability of corrosion initiation for each concrete condition, using the optimal distributions for α C and X C . e stochastic parameter values used in the MCS are listed in Table 2 . Taking a probability of 10% (corresponding to β 1.28) as the threshold for corrosion initiation of RC columns, service life estimates of 208, 49, and 97 years were obtained by the MCS method for sound, cracked, and jointed concrete, respectively. e safety factor method yielded service life estimates of 202, 48, and 95 years for sound, cracked, and jointed concrete, respectively, as shown in Figure 9 . ese are in good agreement with the estimate obtained by the MCS method. is implies that the service life for an RC structure subject to carbonation can be assessed reasonably well using the safety factor method proposed in this paper. Figure 11 shows the safety factors, SF CO 2 , calculated for di erent reliability indices, β, for each of the three cover conditions. For a β value of 2.33, which corresponds to a 1% probability of corrosion initiation, the SF CO 2 values are 2.19, 2.11, and 2.12 for sound, cracked, and jointed concrete, respectively. According to (2) , the service life corresponding to these safety factors is 93, 22, and 44 years, respectively, for the three cover conditions. For β 1.28 (equivalent to the reliability index value speci ed in CEB-FIP for the service life evaluation of a structure [11] ), the service life estimates change to 202, 48, and 95 years for sound, cracked, and jointed concrete, respectively.
Service Life Assessment by MCS Method.
Discussion
Target Reliability.
ese results indicate that the target reliability of a concrete structure has a signi cant e ect on the service life of a structure subject to carbonation. e value of SF CO 2 decreases by 1.07 to 1.08 when β is reduced from 2.33 to 0.25, as shown in Figure 11 . e di erences in the SF CO 2 values among the concrete cover conditions for each reliability index range from 0.01 to 0.08. In other words, the SF CO 2 value is more sensitive to changes in β than to di erences in the concrete cover. erefore, it is important to determine reasonable target reliability for use in predicting the corrosion-free life of RC structures subject to carbonation. Figure 12 shows the relationship between the safety factor and the COV of the cover depth for di erent values of the target reliability index in the case of sound cover concrete. For a COV of 0.4, the SF CO 2 values calculated using (3) e service life of RC structures predicted using the safety factors calculated for a concrete cover depth COV of 0.4 ranges from 103 to 351 years for the range of β values considered. e predicted service life ranges from 283 to 407 years for a COV of zero. ese results indicate that variations in the cover depth have a great impact on the time to corrosion initiation of an RC structure. Cover depth is not constant, as is typically assumed by designers; rather, it varies substantially depending on the quality of construction. erefore, it is important to reduce the variation in cover depth by implementing appropriate quality control practices.
Coe cient of Variation for Cover Depth.
Based on field measurements from cast-in-place columns, the COV of the cover depth is approximately 0.2. However, it has been reported that the COV of the cover depth for precast concrete cast in a plant is approximately 0.1 [21] . is could be attributed to different manufacturing environments. Precast concrete is made under controlled conditions that make it easier to obtain a more uniform level of quality than is possible with cast-in-place concrete. For this reason, precast concrete has a lower COV than cast-in-place concrete. It is therefore expected that the safety factor for precast concrete will be lower than that for cast-in-place concrete.
As Figure 13 shows, the safety factors for precast concrete columns (i.e., with COV � 0.1) are 1.31, 1.25, and 1.26 for a sound, cracked, and jointed concrete cover, respectively. e safety factors for cast-in-place concrete columns are 1.49, 1.44, and 1.45, respectively, for the same three concrete cover conditions, as shown in Table 3 . e differences in the safety factors between the cast-in-place and precast concrete columns range from 0.18 to 0.19. As a result, a shallower cover depth would be required for precast concrete than for cast-inplace concrete to achieve a given service life. For instance, for a 100-year service life and a reliability index of β � 1.28, the required cover depth for the sound concrete condition is 35 mm for precast concrete and 40 mm for cast-in-place concrete. is shows that the required cover depth for the design service life of an RC structure may depend on the concrete casting method, even if the structures are placed in the same carbonation environment.
Conclusions
e conclusions of this study can be summarized as follows:
(1) e probability distributions for the cover depth, X C , and carbonation depth, X CO 2 , of sample RC columns were examined to calculate safety factors for different concrete cover conditions. Average X CO 2 values of 11.62, 24.66, and 17.43 mm were obtained for the columns for sound, cracked, and jointed concrete cover conditions, respectively. e average value of X c was 57.87 mm. (2) Goodness-of-fit tests were conducted to identify optimal probability distribution models for X CO 2 and X c . Based on the goodness-of-fit test results, Weibull and log-normal distributions were selected to model X CO 2 and X c , respectively. e selected distributions match the X CO 2 and X c data well for all the concrete cover conditions. (3) Safety factors for use in the service life assessment of RC structures subject to carbonation were calculated based on reliability theory. For a reliability index, β, of 1.28, corresponding to the value for service life evaluation specified in CEB-FIP [11] , safety factors, SF CO 2 , of 1.49, 1.44, and 1.45 were calculated for sound, cracked, and jointed concrete, respectively. Based on the calculated SF CO 2 values, service life (i.e., time to rebar corrosion initiation) estimates of 202, 48, and 95 years, respectively, were obtained for the three different concrete cover conditions. e Monte Carlo simulation was used to validate the service life estimates obtained by the safety factor method. e estimated service life values obtained by the two methods were in good agreement. erefore, the safety factor method proposed in this paper is considered a reasonable approach for estimating the service life of RC structures subject to carbonation. However, the safety factor used in the design specification should be derived from ample data regarding concrete carbonation by laboratory and in situ tests. In this study, only 113 samples were used.
us, future research should involve collecting and utilizing more experimental data under different environmental conditions and mix proportions in order to determine safety factors. Advances in Materials Science and Engineeringzero. For an increased concrete cover COV of 0.4, the corresponding SF CO 2 values increase to 2.08, 1.55, 1.29, and 1.13, respectively. is implies that variation in the cover depth is a critical factor affecting the service life estimation for RC structures. Variation in the cover depth depends largely on the degree of quality control exercised during construction. For instance, a precast concrete member has a much lower COV than a cast-in-place concrete member because of the more controlled manufacturing process. erefore, if the variation in cover depth is large because of poor construction quality control, an excessively thick cover depth might be estimated to satisfy the design service life using the safety factor method.
erefore, it is important to achieve good construction quality to obtain a reasonable design cover depth.
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